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§ (54) Title: MEMS MICROPHONE 

(57) Abstract: A MEMS microphone comprising: a) a case with an open front side; b) a MEMS membrane mounted on one face 
of a base, the base being mounted inside the case on a substantially closed side; and c) a mesh covering the front side, substantially 
transparent acoustically to at least some of a range of operating frequencies at which the microphone is sensitive. 
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MEMS MICROPHONE 

RELATED APPLICATION 

5 

This application claims benefit under 119(e) of US provisional patent 
application 60/906,813, filed March 14, 2007. 

The contents of the above document is incorporated by reference as if fully set 
forth herein. 

10 

FIELD OF THE INVENTION 

The present invention, in some embodiments thereof, relates to a MEMS 
microphone and a receiver incorporating a MEMS microphone, more particularly, but 
not exclusively, to an ultrasonic MEMS microphone and receiver for use in an 
15 acoustic positioning system. 

BACKGROUND OF THE INVENTION 

There is a need for ultrasonic sensors for use in acoustic positioning systems. It 

is desirable for such sensors to have reasonably broad frequency response and wide 
20 angular response (low directivity), to have output impedance and operating voltage 

that are not too high, to be rugged, and to be inexpensive to manufacture. 

Existing ultrasonic transducers include piezo ceramic transducers, such as the 

Prowave 400ET080, and electrostatic transducers, such as the Prowave 500ES290. 

These transducers are described respectively at web pages downloaded from 
25 www.prQwavexom.tw/english/products/ut/enclose.htm , and from 

www4>ro^^ on March 13, 2008. There are also 

ultrasonic transducers using PVDF foil, for example the MSI US40KR-01, described 

on a web page downloaded from www.meas- 

spec.cQnVmyMeas/sensors/piezQSensors.asp , on March 13, 2008, and electret 
30 microphones with ultrasonic response, such as the Aco-Pacific model 7012, described 

in a catalog downloaded from www.acop acMj^ om/acop accatBdf , on March 13, 

2008. 
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None of these ultrasonic sensors are completely satisfactory for use in acoustic 
positioning systems. Ceramic ultrasound transducers generally have relatively small 
bandwidth, for example 2.5 kHz (Q of 15) for a 40 kHz transducer, although some 
specially designed transducers with two resonance frequencies have bandwidth as high 
5 as 10 kHz. They also tend to be larger than 10 mm in diameter, comparable to or larger 
than a wavelength in air, so they have relatively narrow angular response. They also 
have high output impedance, requiring complicated electronic circuits, and they are 
susceptible to high temperatures, which means they require manual assembly and are 
relatively expensive to manufacture. 

10 Electrostatic ultrasonic transducers also generally have low bandwidth, less 

than 10 kHz for a 40 kHz transducer, and are usually larger than 20 mm in diameter, 
so have narrow angular response. They have high output impedance, and require high 
voltage, typically hundreds of volts, so require relatively complicated circuitry and 
consume substantial power and take up a lot of space. They are also susceptible to 

15 high temperatures, so require manual assembly. 

Ultrasonic transducers using PVDF also have low bandwidth, with Q of 6 to 9, 
diameter greater than 10 mm and narrow angular response around the z-axis of the 
cylindrical transducer, and high output impedance. They have relatively low 
sensitivity, the element is fragile and needs to be protected, and tend to pick up 

20 electronic induced noise because of the relatively high exposed surface area. Like 
electrostatic and ceramic transducers, they are susceptible to high temperatures, so 
require manual assembly. 

Most electret microphones are responsive only up to about 20 kHz. The ones 
that have ultrasonic response, such as the Aco-Pacific model 7012, are very expensive 

25 and are generally used for lab equipment. They also have relatively high output 
impedance, about 2.2 kilo-ohm, though not as high as the other types of ultrasonic 
transducers discussed above, and are susceptible to high temperatures. 

In spite of these drawbacks, there are acoustic positioning systems on the 
market that use ultrasound transducers. The systems sold by eBeam and Mimio, 

30 described on a web page downloaded from www.e-beam.com/products/complete.html , 
and by a datasheet downloaded from 

www.mimioxom/products/do both on 

March 13, 2008, use ceramic ultrasound transducers. The systems sold by Pegatech, 
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described in a datasheet downloaded on March 13, 2008 from 
www.pegatech.coni/ .Upload.s/Downloads/Specs/MNT/Mobil.eNoteTak:er.pd.f , and by 
Navisis, described on a web page downloaded from 
www.navisisxom/ENGLISH/02 tech/principle navisis.php?tmenu==02 on March 13, 
5 2008, use PVDF transducers. All of these products digitize handwriting to a series of 
coordinates, which interact with PC software. An ultrasonic transmitter is placed 
inside a hand held implement. The transmitter sends electronic signals which are 
picked up by a receiver, located near a writing area. An infrared signal synchronizes 
the transmitter to the receiver, using an infrared receiver incorporated into the 

10 ultrasound receiver. 

MEMS microphones, which use a small and thin silicon membrane 
manufactured by fabrication techniques used in the semiconductor industry, are a 
relatively new field of technology which is rapidly gaining in market share. Their 
advantages include small footprint and height, ruggedness, manufacturing 

15 repeatability, and relative immunity to electrostatic and RF interference. But existing 
MEMS microphones are generally not sensitive to the ultrasonic range. An example is 
the Knowles Acoustics model SPM0102, described in a web page downloaded from 
www.knowles.com/ search/products/m. surface mount J sp , on March 13, 2008. 

Memstech microphone model MSM2RM-S3540, described in a datasheet 

20 downloaded from www,memstechxom/file/lVISM2C"RM-S3540%2QRev%20B,pdf , 
on March 13, 2008, has a MEMS membrane and base mounted on the inner surface of 
the front side of a case, over an acoustic port in an otherwise substantially solid 
surface, with the membrane facing away from the front side, toward the back of the 
case. 

25 The following patents and published patent applications also describe MEMS 

microphones: US patent 6,522,762 to Mullenborn et al, US published applications 
2004/046245 and 2002/0102004, both to Minervini, US published application 
2007/0071268 and published PCT application WO 2007/022179, both to Harney et al, 
US patent 7,301,212 to Mian et al, US published application 2007/205492 to Wang, 

30 US published application 2002/0067663 to Loeppert et al, US published application 
2004/0170086 to Mayer et al, and published PCT applications WO 2007/018343 and 
2007/129787, both to Song. 
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SUMMARY OF THE INVENTION 

An aspect of some embodiments of the invention concerns a MEMS 
microphone that is responsive to ultrasound over a broad frequency range and with a 
wide angular response, as well as a receiver, suitable for an acoustic positioning 
5 system, that uses such MEMS microphones. 

There is thus provided, in accordance with an exemplary embodiment of the 
invention, a MEMS microphone comprising: 

a) a case with an open front side; 

b) a MEMS membrane mounted on one face of a base, the base being mounted 
10 inside the case on a substantially closed side; and 

c) a mesh covering the front side, substantially transparent acoustically to at least 
some of a range of operating frequencies at which the microphone is sensitive. 

Optionally, the microphone also includes an amplifier mounted in the case. 
Optionally, there is a first frequency greater than 25 kHz at which the microphone 
15 has a sensitivity of more than -60 dB, with 0 dB defined as 1 volt per pascal. 

Optionally, the first frequency is greater than 40 kHz, or greater than 70 kHz, or 
greater than 100 kHz. 

Optionally, the sensitivity at the first frequency is greater than -50 dB, or greater 
than -40 dB, or greater than -30 dB. 
20 Optionally, the sensitivity at the first frequency is no lower than 40 dB below the 

sensitivity of the microphone at 20 kHz, or no lower than 30 dB below the sensitivity 
at 20 kHz, or no lower than 20 dB below the sensitivity at 20 kHz. 

Optionally, the sensitivity at the first frequency is no lower than 40 dB below an 
average of the sensitivity in decibels of the frequencies between 20 kHz and the first 
25 frequency. 

Additionally or alternatively, the sensitivity at the first frequency is no lower than 
40 dB below maximum of the sensitivity of the frequencies between 20 kHz and the 
first frequency. 

Optionally, the sensitivity varies by no more than 6 dB over at least 10 kHz, or 
30 over at least 20 kHz, or over at least 40 kHz, somewhere between 20 kHz and the first 
frequency. 

Optionally, the directional sensitivity of the microphone varies by no more than 
30 dB, or no more than 20 dB, for directions in front of the mesh, for the range of 
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operating frequencies for which the sensitivity is within 40 dB of the most sensitive 
frequency, above 20 kHz. 

In an embodiment of the invention, the substantially solid side is a back side, 
opposite the front side, and the base is mounted with the MEMS membrane facing the 
5 front side. 

Optionally, the case does not have an interior empty volume that includes a cube 
2 mm on a side, or a cube 1.5 mm on a side, or a cube 1 mm on a side. 

In an embodiment of the invention, the mesh has a fill factor of less than 70%. 
Optionally, substantially all the perforations in the mesh have diameter less than 
10 0.6 mm. 

Optionally, the centers of the perforations in the mesh are arranged substantially 
in a rhombic grid. 

Optionally, for at least one frequency in the range of operating frequencies, 
defined as the frequencies above 20 kHz which have sensitivity within 40 dB of the 
15 most sensitive frequency above 20 kHz, and one direction in front of the mesh, the 
sensitivity is reduced by less than 10 dB relative to the microphone if the mesh were 
removed. 

Optionally, for all frequencies in the range of operating frequencies, for at least 
one direction in front of the mesh, the sensitivity is reduced by less than 10 dB relative 
20 to the microphone if the mesh were removed. 

Optionally, for at least one frequency in the range of operating frequencies, for all 
directions in front of the mesh, the sensitivity is reduced by less than 10 dB relative to 
the microphone if the mesh were removed. 

Optionally, for all frequencies in the range of operating frequencies, for all 
25 directions in front of the mesh, the sensitivity is reduced by less than 10 dB relative to 
the microphone if the mesh were removed. 

In an embodiment of the invention, the front side includes a solid area at least 1 
mm square, for picking and placing. 

Optionally, the front side includes a solid area for picking and placing, and the 
30 case is solidly filled in directly under the solid area. 

Optionally, the membrane is less than 1 mm behind the mesh. 
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In an embodiment of the invention, the case has a plane of substantial symmetry, 
and the center of the MEMS membrane is within a distance equal to 10% of the largest 
diameter of the case, of the plane of substantial symmetry. 

Optionally, the case comprises a flat side that the base is mounted on, with the 
5 center of the MEMS membrane aligned with the center of the flat side to within 10% 
of the largest diameter of the case. 

Optionally, the largest dimension less than 7 mm. 

Optionally, the mesh comprises a conductive material. 

10 There is further provided, in accordance with an exemplary embodiment of the 

invention, an acoustic positioning system comprising: 

a) a receiver comprising at least two MEM microphones, that generates a signal in 
response to ultrasound waves that it receives; 

b) an implement that moves relative to the receiver on a positioning surface on 
15 top of which the receiver rests, and comprises at least one ultrasound 

transmitter that transmits ultrasound waves to the receiver; and 

c) a controller that uses the signal to track a position of the implement on the 
positioning surface. 

Optionally, the controller tracks the position of the implement to within 4 mm 
20 over an area of at least 15 cm by 20 cm, when moving at any speed less than 20 
cm/sec. 

Optionally, at least one microphone is mounted on the receiver so that a front side 
of the case is facing above horizontal, when the receiver is resting on the positioning 
surface. 

25 Optionally, the front side of the microphone is facing more than 45 degrees above 

horizontal. 

Alternatively, the front side of the microphone is facing less than 45 degrees 
above horizontal. 

Optionally, a center of the microphone is located less than 10 mm above the 
30 positioning surface, when the receiver is resting on the positioning surface. 

Optionally, a center of the microphone is located at least 1 mm above the 
positioning surface, when the receiver is resting on the positioning surface. 
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In an embodiment of the invention, at least one microphone is mounted on the 
receiver so that an outer surface of the microphone is substantially flush with a surface 
of the receiver adjacent to and surrounding the microphone. 

Optionally, the surface of the receiver is substantially parallel to the outer surface 
5 of the microphone. 

Optionally, a surface of the receiver, adjacent to at least one microphone, is 
curved convexly. 

Optionally, substantially no surface of the receiver, other than a bottom surface 
resting on the positioning surface, is oriented in a direction below horizontal. 

10 In an embodiment of the invention, the system also comprises at least one optical 

transmitter mounted on the implement, and at least one window in the receiver which 
receives light from the at least one optical transmitter, to synchronize the receiver with 
the at least one ultrasound transmitter of the implement. 
Optionally, the light is infrared. 

15 Optionally, the receiver comprises a front side with a first window of the at least 

one windows, and a first and second microphone of the at least two microphones 
arranged laterally on opposite sides of the first window. 

Optionally, at least the first microphone is forward of the first window, thereby 
blocking a part of a field of view of the first window. 

20 Optionally, the receiver also comprises a second window mounted on a second 

side of the receiver adjacent to the first microphone, the second window having a field 
of view that includes at least a part of the field of view of the first window blocked by 
the first microphone. 

Optionally, the second microphone is also forward of the first window, thereby 

25 blocking a part of the field of view of the first window on an opposite side from the 
part blocked by the first microphone, and the receiver also comprises a third window 
mounted on a third side of the receiver adjacent to the second microphone, the third 
window having a field of view that includes at least a part of the field of view of the 
first window blocked by the second microphone. 

30 Alternatively, the system also comprises at least one RF transmitter mounted on 

the implement, and at least one RF receiving element in the receiver which receives 
radio waves from the at least one RF transmitter, to synchronize the receiver with the 
at least one ultrasound transmitter of the implement. 
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In an embodiment of the invention, a front side of at least one of the microphones 
is directly or indirectly mounted to an inner surface of a front side of the receiver, 
behind a conical opening in the receiver that is less than 5 mm long, the microphone 
having a substantially solid front side with an acoustic port, and a MEMS membrane 
5 on a base mounted over the acoustic port on an inner surface of the front side, facing 
backwards. 

In an embodiment of the invention, the receiver comprises a protective grill 
covering at least one of the microphones. 

Optionally, at least one of the microphones is a microphone according to an 
10 embodiment of the invention. 

Optionally, a front surface of the receiver, facing the implement anywhere in the 
area over which the implement is tracked, is oriented at an angle of more than 100 
degrees to the positioning surface, when the receiver is resting on the positioning 
surface. 

15 Optionally, the system comprises a flexible printed circuit board by which the 

front side of the microphone is mounted to the inner surface. 

Alternatively, the front side of the microphone is directly mounted to the inner 
surface. 

Optionally, the front side of the microphone comprises a printed circuit board 
20 which extends past the edge of the microphone by at least 1 mm, the back of the 
extended portion of the printed circuit board thereby providing an attachment surface 
for handling the microphone during assembly of the microphone to the receiver. 

Optionally, the grill is symmetric with respect to horizontal reflection, when the 
receiver is resting on the positioning surface. 
25 Additionally or alternatively, the grill is symmetric with respect to vertical 

reflection, when the receiver is resting on the positioning surface. 
Optionally, a fill factor of the grill is less than 50%. 

Optionally, spacing between parts of the grill is smaller than half a wavelength of 
ultrasound for substantially a highest frequency component of the signal used by the 
30 controller to track the position of the implement. 

In an embodiment of the invention, the receiver comprises an electronics board 
behind at least one microphone, and an outer surface of the back of the case of the 
microphone comprises connections to the electronics board. 
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Optionally, for any frequency component of the signal used by the controller to 
track the position of the implement, the sensitivity of the microphone, with the grill in 
place, is reduced by less than 10 dB relative to the sensitivity if the grill were 
removed. 

5 

Unless otherwise defined, all technical and/or scientific terms used herein have 
the same meaning as commonly understood by one of ordinary skill in the art to which 
the invention pertains. Although methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of embodiments of the 
10 invention, exemplary methods and/or materials are described below. In case of 
conflict, the patent specification, including definitions, will control. In addition, the 
materials, methods, and examples are illustrative only and are not intended to be 
necessarily limiting. 



15 BRIEF DESCRIPTION OF THE DRAWINGS 

Some embodiments of the invention are herein described, by way of example 
only, with reference to the accompanying drawings. With specific reference now to 
the drawings in detail, it is stressed that the particulars shown are by way of example 
and for purposes of illustrative discussion of embodiments of the invention. In this 
20 regard, the description taken with the drawings makes apparent to those skilled in the 
art how embodiments of the invention may be practiced. 
In the drawings: 

FIGS. 1A and IB are a schematic side view and front view of a MEMS 
microphone, according to an exemplary embodiment of the invention, with the mesh 
25 removed from the front view; 

FIGS. 2 A and 2B are schematic front views of a MEMS microphone according 
to two different exemplary embodiments of the invention, each showing a mesh and a 
"pick and place" area; 

FIGS. 3A-3D schematically show a mesh for a MEM microphone, with a 
30 MEM membrane and base visible behind it, for four different exemplary embodiments 
of the invention, with "pick and place" areas in different locations; 

FIG. 4 schematically shows a perforation pattern for a mesh for a MEM 
microphone, according to an exemplary embodiment of the invention; 
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FIGS. 5A-5D schematically show a side view, a back view with the back of the 
case removed, a front view, and a back view, of a MEMS microphone, according to 
the prior art; 

FIGS. 6 A and 6B schematically show top and side views of a receiver 
5 comprising MEMS microphones, for an acoustic positioning system, according to an 
exemplary embodiment of the invention; 

FIG. 7 schematically shows a top view of a receiver comprising MEMS 
microphones, for an acoustic positioning system, according to another exemplary 
embodiment of the invention; 
10 FIG. 8 schematically shows a side view of a receiver comprising MEMS 

microphones, for an acoustic positioning system, according to another exemplary 
embodiment of the invention; 

FIG. 9 schematically shows a side view of an acoustic positioning system using 
MEMS microphones, according to an exemplary embodiment of the invention; 
15 FIG. 10 schematically shows perspective view of a receiver comprising MEMS 

microphones, for an acoustic positioning system, according to an exemplary 
embodiment of the invention; and 

FIGS. 11 A- 11C schematically shows side views of a MEM microphone 
attached to the front of a receiver for an acoustic positioning system, according to 
20 three different exemplary embodiments of the invention. 

DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

The present invention, in some embodiments thereof, relates to a MEMS 
microphone and a receiver incorporating a MEMS microphone, more particularly, but 

25 not exclusively, to an ultrasonic MEMS microphone and receiver for use in an 
acoustic positioning system. 

An aspect of some embodiments of the invention concerns a MEMS 
microphone, with an open case covered by a mesh, that is sensitive to ultrasound over 
a broad bandwidth. Although the MEMS membrane used in prior art MEMS 

30 microphones may respond to ultrasound frequencies, most prior art MEMS 
microphones have been designed only for auditory frequencies below 20 kHz, and are 
often assembled in ways that make the microphone insensitive to ultrasound, or not 
sensitive to a broad frequency band. Having a broad frequency bandwidth is 
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potentially advantageous in a microphone used in an acoustic positioning system or 
ranging system, since position ambiguity can be removed by using a broad range of 
frequencies to measure the distance of a body from a microphone. Equivalently in the 
time domain, if the microphone has a broad bandwidth, the arrival time of a short 
5 pulse can be measured accurately, since the short pulse will not cause extended ringing 
of the microphone. Furthermore, having a broad bandwidth allows two or more 
orthogonal signals to be more easily sent simultaneously from the transmitter to the 
receiver, potentially resulting in a more accurate measurement. 

A microphone having an open case covered by a mesh that is substantially 

10 transparent acoustically to the frequencies in an operating frequency range, will tend 
not to have any resonant cavities in the case, which result in a narrow bandwidth or 
distorted signals. The mesh optionally achieves substantial acoustic transparency by 
having a low enough fill factor, and perforations that are smaller than the shortest 
wavelength in the operating range. The mesh may also provide protection against 

15 mechanical damage, and, since it is optionally made of metal or another conductive 
material, against RF interference and electrostatic discharge. 

In general, MEMS microphones have a number of potential advantages over 
other types of microphones, including greater ruggedness, better repeatability in 
manufacturing, lower output impedance, and, when properly designed, broader 

20 frequency response. 

A MEMS microphone according to an embodiment of the invention has, for 
example, a sensitivity of at least -60 dB, or -50 dB, or -40 dB, or -30 dB, at a first 
frequency which is, for example, at least 25 kHz, or at least 30 kHz, or at least 40 kHz, 
or at least 70 kHz, or at least 100 kHz. Here, a sensitivity of 0 dB is defined as 1 volt 

25 per pascal. Unless otherwise stated, the sensitivity is defined for sound waves coming 
from a direction towards which the mesh is oriented. The sensitivity at the first 
frequency is, for example, less than 40 dB below the sensitivity of the microphone at 
20 kHz, or below the average sensitivity, in decibels, between 20 kHz and the first 
frequency, or below the maximum sensitivity of any frequency between 20 kHz and 

30 the first frequency; or less than 30 dB below, or less than 20 dB below, or less than 10 
dB below. Within an operating range of frequencies above 20 kHz, and optionally no 
higher than the first frequency, there is at least one frequency around which the 
sensitivity varies by less than 6 dB over 10 kHz, or over 20 kHz, or over 40 kHz, or 
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over 80 kHz. Optionally, this operating range of frequencies is the range where the 
sensitivity is within 40 dB of the most sensitive frequency, above 20 kHz. 

The microphone comprises a MEMS membrane mounted on a base, mounted 
inside the case. The case optionally also has mounted inside it an amplifier, which is 
5 defined herein as also including a pre- amplifier, or any element which generates a 
useful output signal for the microphone. The amplifier has an operating frequency that 
includes the ultrasound frequency range to which the microphone is sensitive. The 
output impedance of the amplifier is, for example, less than 1000 ohms, or less than 
500 ohms. The microphone uses electric power at a voltage less than 10 volts, for 

10 example, or less than 5 volts. 

One way by which the microphone is optionally kept sensitive to ultrasound 
over a broad frequency range is by avoiding, to the extent possible, having 
substantially enclosed cavities near the MEMS membrane, of size comparable to or 
greater than ultrasound wavelengths in the frequency range. For example, nowhere in 

15 the case is there an empty space which includes a cubic volume of width greater than 
half of a wavelength, for the highest operating frequency, for example 2 mm or 1.5 
mm, or 1 mm. Such cavities can lead to narrow resonances, and/or to absorption of 
ultrasound. 

In some embodiments of the invention, the front side of the case is not 
20 completely open, but includes a solid "pick and place" area, and a corresponding solid 
area on the mesh. The "pick and place area" can be used to pick up the mesh for 
robotic assembly onto the microphone, as well as to pick up the completed 
microphone for robotic assembly of a system, such as an acoustic positioning system, 
that uses the microphone. 
25 The base of the MEMS membrane is optionally mounted near the center of the 

back side of the case, which has the potential advantage that the sensitivity of the 
microphone may be relatively independent of azimuth al direction. In some 
embodiments of the invention, the case has at least one plane of symmetry, and the 
base is mounted near the plane of symmetry, which has the potential advantage that 
30 the directional dependence of the sensitivity is also nearly symmetric about the plane 
of symmetry. 

Optionally, the largest dimension of the microphone is comparable to or 
smaller than an ultrasound wavelength at the maximum operating frequency, or at a 
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typical operating frequency, for example less than 7 mm, or less than 5 mm, or less 
than 4 mm. Having a small diameter has the potential advantage that the microphone 
will have relatively low directivity at that frequency, and be about equally sensitive to 
ultrasound coming from a broad range of directions. 
5 An aspect of some embodiments of the invention concerns an acoustic 

positioning system, with a receiver that uses at least two MEMS microphones. The 
system also includes an implement that moves on a positioning surface, and transmits 
ultrasound that is received by the receiver, and used by a controller to track the 
position of the implement on the positioning surface. The controller is, for example, an 

10 appropriately programmed external computer, or an appropriately programmed 
microprocessor packaged with the receiver, or an ASIC designed to calculate the 
position of the implement using the microphone data. The system is used, for example, 
to digitize handwriting, with the implement used as a pen. 

Optionally, the controller can find the location of the implement anywhere 

15 within an area that is at least 5 cm square, or at least 10 cm square, or at least 15 cm 
long by 20 cm wide, or at least 20 cm square, or at least 50 cm square, or at least 100 
cm square, or at least 200 cm square, or at least 400 cm square, to within 2% of the 
width of the area, or within 1%, or within 0.5%, or within 0.2%, or within 0.1%, or 
within 0.05%, or within 0.02%, or within 0.01%, or within 0.005%, even when it is 

20 moving the width of the area in 1 second. Such precision of positioning is achieved, 
for example, by using ultrasound of frequencies in a range between 20 kHz and 80 
kHz, or any of the other possible ranges mentioned above for the microphone. 

Optionally, at least one of the microphones has an open case covered by an 
acoustically transparent mesh, as described above. Alternatively, a suitable prior art 

25 MEMS microphone is used, such as the Memstech MSM2RM-S3540 microphone. 

In some embodiments of the invention, there is only a single MEMS 
microphone, and the system is only used to find the range of the implement. In some 
embodiments of the invention, there are at least three MEMS microphones, and the 
system is used to find the position of the implement in three dimensions. 

30 The receiver optionally rests on the positioning surface. As used herein, terms 

such as "up", "top", and "above," refer to a normal direction away from the 
positioning surface, regardless of the direction of gravity, and terms such as "below" 
"horizontal," and "lateral" are used relative to this definition of "up." For example, a 
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"horizontal" direction means a direction parallel to the positioning surface, and "below 
the horizontal" means facing directly or at an oblique angle toward the positioning 
surface. 

As in the design of the microphone itself, where it is potentially advantageous 
5 to avoid cavities which are resonant at ultrasound frequencies in a range of interest, in 
the design of the receiver it is potentially advantageous to avoid such cavities between 
the microphone and the incoming ultrasound waves, and to avoid geometric 
configurations where ultrasound can reflect from surfaces, including the positioning 
surface, or a surface of the receiver, and reach the microphone by multiple paths. For 

10 this reason, it may be advantageous to have one or more microphones facing upward, 
at least to some extent. 

Optionally, at least one microphone is oriented so that its direction of greatest 
sensitivity is above the horizontal, by less than 30 degrees, or by between 30 and 45 
degrees, or by between 45 and 60 degrees, or by more than 60 degrees, or by more 

15 than 80 degrees. Optionally, the direction of orientation of a front surface of the 
microphone is substantially perpendicular to the direction of greatest sensitivity, for 
example within 30 degrees or within 15 degrees, and optionally the microphone is 
substantially flush with a surface of the receiver surrounding it, for example within 5 
mm or within 2.5 mm or within 1 mm, or within half a wavelength of the highest 

20 frequency transmitted by the transmitter. Optionally the surface of the microphone is 
substantially parallel with that surface of the receiver, for example within 30 degrees 
or 15 degrees. 

Optionally, the receiver has no surfaces oriented downward, below horizontal, 
except for a bottom surface resting on the positioning surface. Optionally, the receiver 

25 has a front surface oriented in a direction above the horizontal, by less than 30 degrees, 
or by between 30 and 45 degrees, or by between 45 and 60 degrees, or by more than 
60 degrees. Having a front surface that is oriented at an upward facing angle, the 
receiver tends to reflect ultrasound waves upward, so that they do not reflect back by a 
different path to the microphone. 

30 Optionally, a surface of the receiver, adjacent to at least one of the 

microphones, is curved convexly, thereby reflecting ultrasound away from the 
microphone if it does not come directly toward the microphone from the implement. In 
some embodiments of the invention, every part of the surface of the receiver that can 
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be within a line of sight of the transmitter in the implement when the implement is 
within the positioning range of the positioning surface, is either flat or convex, 
optionally except for features that are displaced from such a surface by less than half a 
wavelength of the highest frequency ultrasound transmitted, for example by less than 5 
5 mm or 2.5 mm or 1 mm. 

In some embodiments of the invention, the implement transmits light, for 
example infrared, and the receiver has at least one window that receives the light, in 
order to synchronize the ultrasound transmitter of the implement with the receiver. 
Alternatively, the synchronization is done by radio waves, transmitted by the 

10 implement and received by RF receiver in the receiver. In some embodiments of the 
invention, the implement and the receiver are not synchronized, but there is an 
additional microphone, which is used to determine the position of the implement even 
without synchronization. 

Optionally, the receiver has a front side with one such window in the middle, 

15 surrounded by a microphone on each side, laterally. In some embodiments, one or both 
of microphones are located forward of the window, and thus partially block the field of 
view of the window. Optionally, there is another such window on one or both sides of 
the receiver that are adjacent to the front side, on the other side of the microphone, 
with a field of view that includes a part of the field of view that was blocked. 

20 In some embodiments of the invention, particularly when the microphone is of 

the type of design that includes an acoustic port in a substantially solid front side of 
the case, the microphone is mounted behind a conical opening in the receiver. As used 
herein, "conical opening" includes an opening in the shape of a truncated portion of a 
cone or pyramid, such as a frustum. 

25 

Before explaining at least one embodiment of the invention in detail, it is to be 
understood that the invention is not necessarily limited in its application to the details 
of construction and the arrangement of the components and/or methods set forth in the 
following description and/or illustrated in the drawings. The invention is capable of 
30 other embodiments or of being practiced or carried out in various ways. 

Referring now to the drawings, Fig. 1A illustrates a side cross-sectional view 
of a MEMS microphone 100. A case 102 optionally has a solid back, optionally 
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comprising a printed circuit board (PCB). A MEMS membrane 104 is mounted on a 
base 106, which is mounted on the back of case 102, and an amplifier 108 is also 
mounted on the back of case 102, below base 106. Case 102 is covered by a mesh 1 10, 
to be described in more detail in Figs. 3A-3D and 4, which is designed to be largely 
5 transparent to ultrasound waves in the frequency range that the microphone is 
designed to receive. Optionally, MEMS membrane 104 is situated not too far behind 
the mesh, for example within half a wavelength of the mesh for a highest operating 
frequency of the microphone, or within 1 mm or the mesh, or within 0.5 mm of the 
mesh. Situating the MEMS membrane close to mesh 110 avoids creating a resonant 
10 volume between the mesh and the membrane, in the operating frequency range of the 
microphone. 

Optionally, the mesh has relatively little effect on ultrasound waves passing 
through it, for at least part of a range of operating frequencies of the microphone. For 
example, compared to what the characteristics of the microphone would be if the mesh 

15 were removed, the mesh causes a loss of less than 10 dB in sensitivity of the 
microphone for at least one frequency in the range of operating frequencies, for sound 
coming from a direction of greatest sensitivity of the microphone, or for sound coming 
from any direction in front of the mesh. Optionally, this is true for all frequencies 
within an operating range of frequencies, for example between 20 kHz and 70 kHz, or 

20 any of the other ranges mentioned above. Optionally, the range of operating 
frequencies is the range, above 20 kHz, that has sensitivity within 40 dB of the greatest 
sensitivity for any frequency above 20 kHz. 

The overall dimensions of microphone 100 are, for example, between 3 and 6 
mm tall, between 1 mm and 2 mm thick, and between 2.5 and 5 mm wide. In an 

25 exemplary embodiment, the microphone is 4.72 mm high, 3.76 mm wide, and 1.25 
mm thick, the same dimensions as the Knowles Acoustics model SPM0102 MEMS 
microphone. 

Fig. IB shows microphone 100 from the front, with mesh 110 removed. In 
order for the microphone to have a broadband response to ultrasound, MEMS 
30 membrane 104 is optionally close to membrane 110. Optionally, there is relatively 
little empty space inside the microphone, especially near the MEMS membrane, to 
avoid forming resonant cavities. For example, there is no empty space big enough to 
hold a cube 1 mm on a side, or no empty space big enough to hold a cube 0.8 mm on a 



WO 2008/111011 



PCT/IB2008/050946 



17 

side, or no empty space big enough to hold a cube 1.2 mm on a side. Optionally, for 
this reason, region 112 is filled in solid. Base 106 and MEMS membrane 104 are 
optionally located near the center of case 102, as seen from the front, in order to avoid 
making the directional sensitivity of microphone 100 very dependent on azimuthal 
5 angle. The directional sensitivity of microphone 100 is also relatively independent of 
angle to the front surface of the microphone, because the dimensions of microphone 
100 are comparable to or smaller than a wavelength of ultrasound in the frequency 
range for which the microphone is used. 

Fig. 2A is front view of a MEMS microphone 202, similar to microphone 100, 

10 with a mesh 210 covering it. Part of the front surface of microphone 202 is a solid 
"pick and place" area 212. Particularly if area 212 is solid, it is potentially 
advantageous to fill in the area underneath it, region 1 12 in Fig. IB, to avoid creating a 
resonant cavity there. Fig. 2B shows an alternative microphone 214, with a pick and 
place area 216 near the bottom, over amplifier 108, for example, so that there is no 

15 resonant cavity under it. Alternatively, a pick and place area is located anywhere not 
substantially covering the MEMS membrane, and the volume under it is filled in. 
Optionally, the "pick and place" area is less than 1 mm or 2 mm in its smallest 
dimension, or less than 1 mm or 2 mm or 3 mm or 4 mm in its largest dimension, or 
covers less than 10% of the area of the front side of the microphone, or less than 20% 

20 of the area, or less than 30% of the area. 

Fig. 3A shows a mesh 300 with circular perforations that can be used, for 
example, for microphone 214. The mesh optionally has height and width equal to the 
dimensions of the front of microphone 100 or microphone 202 or microphone 214, for 
example 4.72 mm high by 3.76 mm wide. A solid area 302, optionally 1 mm tall by 

25 1.3 mm wide, which provides a pick and place area such as area 216, does not have 
any perforations. Base 106 with MEMS membrane 104 is visible behind mesh 300. 
Figs. 3B, 3C, and 3D show alternative designs, with meshes 304, 306, and 308. In 
these meshes, area 302 is at different positions, progressively closer to the MEMS 
membrane. 

30 Mesh 300, and the other mesh designs shown, are largely transparent to 

ultrasound waves at the frequencies of interest, because the perforations are each 
smaller than half a wavelength of ultrasound for the highest operating frequency, and 
the perforations make up a substantial fraction of the area of the mesh, about 35% in 
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the case of mesh 300, so the fill factor is 65%. Optionally, the fill factor of the mesh is 
less than 70%, or less than 60%, or less than 50%, or less than 40%, or less than 30%, 
or less than 20%. 

A wavelength of ultrasound in air at 80 kHz, for example, is about 4 mm, while 
5 the perforations in mesh 300 are 0.4 mm in diameter, which is less than half a 
wavelength. Optionally, the perforations are smaller in diameter than the wavelength 
for the highest operating frequency, divided by 2tz. Optionally, the perforations are 
smaller than 0.7 mm, or 0.6 mm, or 0.5 mm, or 0.4 mm, or 0.3 mm. The narrowest 
distance between perforations in mesh 300, 0.15 mm, is sufficiently great, for 
10 example, so that the mesh can be manufactured relatively inexpensively without 
breaking. Optionally, the mesh is thinner than a quarter of a wavelength for the highest 
operating frequency, for example thinner than 0.3 mm, or 0.2 mm, or 0.1 mm, or 0.05 
mm. 

Optionally, the perforations are circular or hexagonal or rectangular in shape, 

15 arranged, for example, with their centers in a rhombic grid, for example a square grid, 
or an equilateral triangular grid, like a honeycomb, or a rectangular grid. 

Fig. 4 shows part of a mesh 400, with regular hexagonal perforations arranged 
in a honeycomb pattern, that make up about 78% of the area of the mesh, so the fill 
factor is only about 22%. The hexagonal perforations are 0.4 mm in diameter, like the 

20 circular perforations in mesh 300, but the spacing between adjacent perforations is 
only 0.05 mm. The mesh is made, for example, out of 0.05 mm thick stainless steel. 
Optionally, for any of the mesh designs, there is a solid area framing the mesh, which 
goes over the sides of the case, for example, and a perforated area in the center. The 
framing area may provide mechanical strength and stiffness to the mesh, which has the 

25 potential advantage that the mesh can be more assembled to the case without breaking 
or becoming distorted. 

Figs. 5A-5D show a MEMS microphone 500 of an alternative, prior art, 
design, that is shown here because it may also be suitable for use in acoustic 
positioning systems as will be described below in Figs. 11A-11C. Microphone 500 is 

30 known as an "Exox" type design, and is similar, for example, to Memstech 
microphone model MSM2RM-S3540. Fig. 5A shows a side view. Base 106 with 
MEMS membrane 104, and amplifier 108, are mounted on a front 502 of a case, 
substantially solid except for an acoustic port 504, optionally comprising a printed 



WO 2008/111011 



PCT/IB2008/050946 



19 

circuit board. Base 106 is mounted over acoustic port 504, with MEMS membrane 104 
facing away from front side 502. Although there is an empty space inside base 106, 
through which ultrasound waves pass in order to reach MEMS membrane 104, this 
empty space does not form a resonant cavity for the frequencies of interest, because its 
5 dimensions are well below a wavelength in air for the ultrasound frequencies of 
interest. The case also includes a substantially solid back side 506, optionally also 
comprising a printed circuit board, and sides 510. Optionally, back side 506 has PCB 
pads 508, used to mount microphone 500 in a receiver for an acoustic positioning 
system, and will be described below. Fig. 5B shows a view of microphone 500 from 

10 the back, with back side 506 removed so that MEMS membrane 104, base 106, and 
amplifier 108 are visible. Fig. 5C shows microphone 500 from the front, with front 
side 502 and acoustic port 504 visible. Fig. 5D shows microphone 500 from the back, 
with back side 506 in place, and pads 508 visible. 

Fig. 6A shows a top view of a receiver 600 for an acoustic positioning system. 

15 The system uses light, for example infrared, to synchronize the receiver with an 
ultrasound transmitter in an implement, not shown, whose position is being tracked. 
An optical window 602 is located in the center of a front side of receiver 600, which 
faces the implement when the positioning system is operating. Optionally, window 
602 preferentially transmits the wavelengths of light, for example infrared, being used. 

20 MEMS microphones 604 and 606 are located on each side of window 602, 

further forward than window 602. Placing the microphone further forward has the 
potential advantage that almost all ultrasound coming from the implement may reach 
the microphones directly, without reflecting from or interacting with the rest of 
receiver 600, introducing multiple paths. However, microphones 604 and 606 block 

25 part of the field of view of window 602 to the sides. Optionally, additional windows 
608 and 610 are located on sides of receiver 600 adjacent to the front side, and 
windows 608 and 610 provide fields of view that include at least part of the field of 
view of window 602 that was blocked by microphones 604 and 606. 

Fig. 6B is a side view of receiver 600. Optionally, the front side of receiver 

30 600, including microphone 604, is oriented so that if faces at an oblique angle above 
the horizontal, for example about 30 degrees. This orientation causes ultrasound waves 
that reach the front side of receiver 600, but do not reach the microphones, to be 
reflected upward, so that they will tend not to come back to the microphones by a 
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different path. Having a substantial fraction of the ultrasound waves reach the 
microphones by multiple paths from the transmitter in the implement can result in 
errors in tracking the position of the implement. 

Fig. 7 shows a receiver 700 with a different design. In receiver 700, there is a 
5 window 702, for example an infrared window, on the front side of the receiver, 
surrounded by two MEMS microphones 704 and 706, but the MEMS microphones are 
not located forward of window 702, and do not block the field of view of window 702. 
There are no additional windows on the side. In other embodiments of the invention, 
one microphone is located forward of a first window, blocking part of its field of view, 
10 and a microphone on the other side is not located forward of the first window, and 
does not block its field of view. Optionally, there is an additional window on one side, 
for example on the side where a microphone blocks the field of view of the first 
window. 

Fig. 8 shows a side view of a receiver 800, according to a different 

15 embodiment of the invention. In receiver 800, microphone 802 is facing substantially 
upward. Optionally another microphone, which is not visible because it is behind 
microphone 802 in the side view of Fig. 8, is also facing substantially upward. 
Optionally, microphone 802 is mounted on a printed circuit board 804, at the bottom 
of receiver 800. Because microphone 802, and optionally the other microphone as 

20 well, is relatively low down, it does block the field of view of a window, which is 
located higher up, for example on surface 806. Surface 806 is optionally oriented 
obliquely upward, so it does not reflect ultrasound back to microphone 802. Although 
the direction of greatest sensitivity of microphone 802 is optionally straight upward, 
microphone 802 still has substantially sensitivity to ultrasound coming from the side, 

25 the left side in Fig. 8, because microphone 802 has dimensions comparable to or 
smaller than a wavelength, so it has a wide angular field of view. Optionally, 
microphone 802 is designed so that it has enhanced sensitivity specifically in 
directions parallel to its surface, or particularly to its left side in Fig. 8. Alternatively, 
microphone 802 is an omnidirectional microphone. 

30 Fig. 9 shows a side view of a receiver 900 for an acoustic positioning system. 

A writing implement 902 moves on a positioning surface 904, such as a piece of paper, 
and transmits ultrasound waves to a MEMS microphone 906 on a front side of receiver 
900. In general, as described below for Fig. 10, there may also be a second MEMS 
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microphone, not shown in Fig. 9 because it is not in the plane of the drawing, but is, 
for example, behind microphone 906. 

Ultrasound waves following paths 908 reach microphone 906 directly from 
implement 902. Ultrasound waves following paths 910 hit receiver 900 above 
5 microphone 906, and bounce off a convexly curved portion of the front side of 
receiver 900, adjacent to the microphone. The convex curvature causes the reflected 
waves to go upward and to diverge, making it unlikely that they will ever reflect back 
to microphone 906, reaching the microphone by a different path from the ultrasound 
waves following paths 908. Ultrasound waves following path 912 also miss 

10 microphone 906, reflecting from the front side of receiver 900 below the microphone, 
toward positioning surface 904 and back toward implement 902. 

Microphone 906 is positioned reasonably close to the bottom of receiver 900 
and positioning surface 904, in order to minimize the power of any ultrasound waves 
finding their way back to the microphone after bouncing off the receiver below the 

15 microphone, and also in order to minimize the difference in path length between 
ultrasound waves that reach microphone 906 directly along paths 908, and any 
ultrasound waves that reach microphone 906 after bouncing off positioning surface 
904. However, microphone 906 is not located too close to positioning surface 904, so 
that ultrasound waves may reach microphone 906 without being affected by any 

20 bumps or other irregularities in surface 904. Optionally, the center of the front surface 
of microphone 906, or the center of the MEMS membrane within the microphone, is 
located no more than 10 mm or 5 mm or 2 mm above the bottom of receiver 900, or no 
more than half a wavelength, for substantially the highest frequency used by the 
positioning system. Optionally, the center of the front surface of microphone 906, ore 

25 the center of the MEMS membrane within the microphone, is located at least 1 mm or 
2 mm above the bottom of receiver 900, or above any irregularities in the positioning 
surface. 

Optionally, the surface of microphone 906 is flush with the front side of 
receiver 900. This has the potential advantage that ultrasound waves reaching the front 
30 side of receiver 900 substantially do not interact with microphone 906 unless they 
reach microphone 906 itself. In terms of k-space, the response of microphone 906 to a 
plane wave of ultrasound does not depend very much on a phase difference between 
the wave at the microphone, and the wave at a location adjacent to the microphone, but 



WO 2008/111011 



PCT/IB2008/050946 



22 

only, at most, on a phase difference across the microphone. Since the diameter of 
microphone 906 is generally less than or comparable to a wavelength of ultrasound at 
the frequencies used by the acoustic positioning system, this means that microphone 
906 has a broad angular response. To the extent that there are no important resonant 
5 cavities or other resonance effects within microphone 906, the effective size of the 
microphone may be only the diameter of the MEMS membrane, and the angular 
response may be even broader. Having a broad angular response potentially allows the 
positioning system to operate over a broader range of positioning surface, and/or to 
operate with the receiver closer to the usable area of the positioning surface, which 

10 may reduce power requirements and/or improve the precision of the system. 

Fig. 10 shows a receiver 1000 for an acoustic positioning system, similar to 
receiver 900 in Fig. 9. Receiver 1000 has microphones 1002 and 1004. Having two 
microphones, some distance apart, makes it possible for the acoustic positioning 
system to determine a two-dimensional position of an implement transmitting 

15 ultrasound, by measuring a time delay or phase difference between the transmitter and 
each of the two microphones. Optionally, microphone 1002 has a protective grill 1006, 
and microphone 1004 has a protective grill 1008. Optionally, one or both grills are 
symmetric with respect to horizontal and/or vertical reflection, which has the potential 
advantage of making the directional sensitivity of each microphone more symmetric. 

20 The parts of each grill, and the spaces between them, are optionally all small compared 
to an ultrasound wavelength in the frequency range used by the positioning system, 
and the grill optionally covers a relatively small fraction of the area in front of its 
microphone. With these design features, the grill is largely transparent to ultrasound, 
and the microphone may still have the acoustic advantages of having its surface 

25 effectively flush with the surface of the receiver. In particular, the sensitivity of the 
microphone, to any frequency used by the controller to track the position of the 
implement, is reduced by the grill by less than 10 dB. The grill can protect the 
microphone, and in particular the MEMS membrane, from damage, for example by 
sharp objects. This is especially useful if the microphone is located at or near the 

30 surface of the receiver. 

As defined herein, the front surface of a microphone mounted in a receiver is 
still considered "flush" or "substantially flush" with a surrounding surface of the 
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receiver, even if it has a protective grill covering, if it would be flush or substantially 
flush in the absence of the protective grill. 

Figs. 11 A, 11B and 11C show different ways of mounting a MEMS 
microphone 500, as described above in Figs. 5A-5D, in a receiver for an acoustic 
5 positioning system. Microphone 500 has a front side 502, optionally made of printed 
circuit board, on which the base of the MEMS membrane and the amplifier are 
mounted. The base, inside microphone 500, is mounted over an acoustic port 504 in 
front side 502. In all three configurations shown in Figs. 11A-11C, a front wall 1100 
of the receiver is shown, optionally with a conical opening 1102, the apex of which is 

10 located at acoustic port 504. Optionally, the conical opening has an opening angle of at 
least 60 degrees, or 90 degrees, or 120 degrees. Optionally, the total length of the 
opening is less than half a wavelength of sound at substantially the highest frequency 
used by the positioning system. Using such a large opening angle and/or using such a 
short opening has the potential advantage that ultrasound from the implement does not 

15 reach the microphone by multiple paths, or form standing waves in the opening. 

In Fig. 1 1 A, the front side 502 of microphone 500 is mounted on another piece 
of flexible printed circuit board 1104, which is mounted directly on the inner surface 
of front wall 1 100. Printed circuit board 1 104 has an opening, concentric with acoustic 
port 504 and conical opening 1102, optionally intermediate in diameter between them, 

20 forming a relatively smooth continuation of conical opening 1 102. 

In Fig. 11B, front side 502 of microphone 500 is longer, with a portion 1106 
extending the above upper edge of microphone 500, and front side 502 is directly 
mounted on the inner surface of front wall 1 100. 

In Fig. 11C, front side 502 of microphone 500 is directly mounted on the inner 

25 surface of front wall 1 100, and there is another printed circuit board 1 108 on the back 
side of microphone 500. 

Flexible printed circuit board 1104 in Fig. 11 A, extended portion 1106 in Fig. 
11B, and printed circuit board 1108 in Fig. 11C, are all optionally used to help hold 
microphone 500 while it is being mounted, for example robotically, on the inner 

30 surface of front wall 1100. Additionally or alternatively, board 1104, extended portion 
1106, and board 1108 are optionally used to provide connections between the 
microphone and an electronics board, not shown in the drawings, optionally located 
behind the microphones inside receiver 1000. The electronics board optionally 
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comprises the controller, if it is located in the receiver, and/or a connection to an 
external controller, if the controller is outside the receiver, and/or a connection to a 
cable or wireless device for providing output of the controller. 

As used herein the term "about" refers to ± 10 %. 
5 The terms "comprises", "comprising", "includes", "including", "having" and 

their conjugates mean "including but not limited to". This term encompasses the 
terms "consisting of" and "consisting essentially of". 

The phrase "consisting essentially of" means that the composition or method 
may include additional ingredients and/or steps, but only if the additional ingredients 
10 and/or steps do not materially alter the basic and novel characteristics of the claimed 
composition or method. 

As used herein, the singular form "a", "an" and "the" include plural references 
unless the context clearly dictates otherwise. For example, the term "a compound" or 
"at least one compound" may include a plurality of compounds, including mixtures 
15 thereof. 

Throughout this application, various embodiments of this invention may be 
presented in a range format. It should be understood that the description in range 
format is merely for convenience and brevity and should not be construed as an 
inflexible limitation on the scope of the invention. Accordingly, the description of a 

20 range should be considered to have specifically disclosed all the possible subranges as 
well as individual numerical values within that range. For example, description of a 
range such as from 1 to 6 should be considered to have specifically disclosed 
subranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 
3 to 6 etc., as well as individual numbers within that range, for example, 1, 2, 3, 4, 5, 

25 and 6. This applies regardless of the breadth of the range. 

Whenever a numerical range is indicated herein, it is meant to include any 
cited numeral (fractional or integral) within the indicated range. The phrases 
"ranging/ranges between" a first indicate number and a second indicate number and 
"ranging/ranges from" a first indicate number "to" a second indicate number are used 

30 herein interchangeably and are meant to include the first and second indicated 
numbers and all the fractional and integral numerals therebetween. 

It is appreciated that certain features of the invention, which are, for clarity, 
described in the context of separate embodiments, may also be provided in 
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combination in a single embodiment. Conversely, various features of the invention, 
which are, for brevity, described in the context of a single embodiment, may also be 
provided separately or in any suitable subcombination or as suitable in any other 
described embodiment of the invention. Certain features described in the context of 
various embodiments are not to be considered essential features of those embodiments, 
unless the embodiment is inoperative without those elements. 

Although the invention has been described in conjunction with specific 
embodiments thereof, it is evident that many alternatives, modifications and variations 
will be apparent to those skilled in the art. Accordingly, it is intended to embrace all 
such alternatives, modifications and variations that fall within the spirit and broad 
scope of the appended claims. 

All publications, patents and patent applications mentioned in this specification 
are herein incorporated in their entirety by reference into the specification, to the same 
extent as if each individual publication, patent or patent application was specifically 
and individually indicated to be incorporated herein by reference. In addition, citation 
or identification of any reference in this application shall not be construed as an 
admission that such reference is available as prior art to the present invention. To the 
extent that section headings are used, they should not be construed as necessarily 
limiting. 
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WHAT IS CLAIMED IS: 

1. A MEMS microphone comprising: 

a) a case with an open front side; 

b) a MEMS membrane mounted on one face of a base, the base being mounted 
inside the case on a substantially closed side; and 

c) a mesh covering the front side, substantially transparent acoustically to at least 
some of a range of operating frequencies at which the microphone is sensitive. 

2. A microphone according to claim 1, also including an amplifier mounted in the 
case. 

3. A microphone according to claim 1 or claim 2, wherein there is a first 
frequency greater than 25 kHz at which the microphone has a sensitivity of more than 
-60 dB, with 0 dB defined as 1 volt per pascal. 

4. A microphone according to claim 3, wherein the first frequency is greater than 
40 kHz. 

5. A microphone according to claim 4, wherein the first frequency is greater than 
70 kHz. 

6. A microphone according to claim 5, wherein the first frequency is greater than 
100 kHz. 

7. A microphone according to any of claims 3-6, wherein the sensitivity at the 
first frequency is greater than -50 dB. 

8. A microphone according to claim 7, wherein the sensitivity at the first 
frequency is greater than -40 dB. 

9. A microphone according to claim 8, wherein the sensitivity at the first 
frequency is greater than -30 dB. 
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10. A microphone according to any of claims 3-9, wherein the sensitivity at the 
first frequency is no lower than 40 dB below the sensitivity of the microphone at 20 
kHz. 

11. A microphone according to claim 10, wherein the sensitivity at the first 
frequency is no lower than 30 dB below the sensitivity of the microphone at 20 kHz. 

12. A microphone according to claim 11, wherein the sensitivity at the first 
frequency is no lower than 20 dB below the sensitivity of the microphone at 20 kHz. 

13. A microphone according to any of claims 3-12, wherein the sensitivity at the 
first frequency is no lower than 40 dB below an average of the sensitivity in decibels 
of the frequencies between 20 kHz and the first frequency. 

14. A microphone according to claim 13, wherein the sensitivity at the first 
frequency is no lower than 40 dB below maximum of the sensitivity of the frequencies 
between 20 kHz and the first frequency. 

15. A microphone according to any of claims 3-14, wherein the sensitivity varies 
by no more than 6 dB over at least 10 kHz, somewhere between 20 kHz and the first 
frequency. 

16. A microphone according to claim 15, wherein the sensitivity varies by no more 
than 6 dB over at least 20 kHz, somewhere between 20 kHz and the first frequency. 

17. A microphone according to claim 16, wherein the sensitivity varies by no more 
than 6 dB over at least 40 kHz, somewhere between 20 kHz and the first frequency. 

18. A microphone according to any of the preceding claims, wherein the 
directional sensitivity of the microphone varies by no more than 30 dB, for directions 
in front of the mesh, for the range of operating frequencies for which the sensitivity is 
within 40 dB of the most sensitive frequency, above 20 kHz. 
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19. A microphone according to claim 18, wherein the sensitivity varies by no more 
than 20 dB, for directions in front of the mesh, for said range of operating frequencies. 

20. A microphone according to any of the preceding claims, wherein the 
substantially solid side is a back side, opposite the front side, and the base is mounted 
with the MEMS membrane facing the front side. 

21. A microphone according to any of the preceding claims, wherein the case does 
not have an interior empty volume that includes a cube 2 mm on a side. 

22. A microphone according to claim 21, wherein the case does not have an 
interior empty volume that includes a cube 1.5 mm on a side. 

23. A microphone according to claim 22, wherein the case does not have an 
interior empty volume that includes a cube 1 mm on a side. 

24. A microphone according to any of the preceding claims, wherein the mesh has 
a fill factor of less than 70%. 

25. A microphone according to any of the preceding claims, wherein substantially 
all the perforations in the mesh have diameter less than 0.6 mm. 

26. A microphone according to any of the preceding claims, wherein the centers of 
the perforations in the mesh are arranged substantially in a rhombic grid. 

27. A microphone according to any of the preceding claims, wherein, for at least 
one frequency in the range of operating frequencies, defined as the frequencies above 
20 kHz which have sensitivity within 40 dB of the most sensitive frequency above 20 
kHz, and one direction in front of the mesh, the sensitivity is reduced by less than 10 
dB relative to the microphone if the mesh were removed. 
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28. A microphone according to claim 27 wherein, for all frequencies in the range 
of operating frequencies, for at least one direction in front of the mesh, the sensitivity 
is reduced by less than 10 dB relative to the microphone if the mesh were removed. 

29. A microphone according to claims 27 or 28, wherein, for at least one frequency 
in the range of operating frequencies, for all directions in front of the mesh, the 
sensitivity is reduced by less than 10 dB relative to the microphone if the mesh were 
removed. 

30. A microphone according to claim 29, wherein for all frequencies in the range 
of operating frequencies, for all directions in front of the mesh, the sensitivity is 
reduced by less than 10 dB relative to the microphone if the mesh were removed. 

31. A microphone according to any of the preceding claims, wherein the front side 
includes a solid area at least 1 mm square, for picking and placing. 

32. A microphone according to any of the preceding claims, wherein the front side 
includes a solid area for picking and placing, and the case is solidly filled in directly 
under the solid area. 

33. A microphone according to any of the preceding claims, wherein the 
membrane is less than 1 mm behind the mesh. 

34. A microphone according to any of the preceding claims, wherein the case has a 
plane of substantial symmetry, and the center of the MEMS membrane is within a 
distance equal to 10% of the largest diameter of the case, of the plane of substantial 
symmetry. 

35. A microphone according to any of the preceding claims, wherein the case 
comprises a flat side that the base is mounted on, with the center of the MEMS 
membrane aligned with the center of the flat side to within 10% of the largest diameter 
of the case. 
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36. A microphone according to any of the preceding claims, with largest 
dimension less than 7 mm. 

37. An acoustic positioning system comprising: 

a) a receiver comprising at least two MEM microphones, that generates a signal in 
response to ultrasound waves that it receives; 

b) an implement that moves relative to the receiver on a positioning surface on 
top of which the receiver rests, and comprises at least one ultrasound 
transmitter that transmits ultrasound waves to the receiver; and 

c) a controller that uses the signal to track a position of the implement on the 
positioning surface. 

38. A system according to claim 37, wherein the controller tracks the position of 
the implement to within 4 mm over an area of at least 15 cm by 20 cm, when moving 
at any speed less than 20 cm/sec. 

39. A system according to claim 37 or claim 38, wherein at least one microphone 
is mounted on the receiver so that a front side of the case is facing above horizontal, 
when the receiver is resting on the positioning surface. 

40. A system according to claim 39, wherein the front side of the microphone is 
facing more than 45 degrees above horizontal. 

41. A system according to claim 39, wherein the front side of the microphone is 
facing less than 45 degrees above horizontal. 

42. A system according to any of claims 37-41, wherein a center of the 
microphone is located less than 10 mm above the positioning surface, when the 
receiver is resting on the positioning surface. 

43. A system according to any of claims 37-42, wherein a center of the 
microphone is located at least 1 mm above the positioning surface, when the receiver 
is resting on the positioning surface. 
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44. A system according to any of claims 37-43, wherein at least one microphone is 
mounted on the receiver so that an outer surface of the microphone is substantially 
flush with a surface of the receiver adjacent to and surrounding the microphone. 

45. A system according to claim 44, wherein said surface of the receiver is 
substantially parallel to said outer surface of the microphone. 

46. A system according to any of claims 37-45, wherein a surface of the receiver, 
adjacent to at least one microphone, is curved convexly. 

47. A system according to any of claims 37-46, wherein substantially no surface of 
the receiver, other than a bottom surface resting on the positioning surface, is oriented 
in a direction below horizontal. 

48. A system according to any of claims 37-47, also comprising at least one optical 
transmitter mounted on the implement, and at least one window in the receiver which 
receives light from the at least one optical transmitter, to synchronize the receiver with 
the at least one ultrasound transmitter of the implement. 

49. A system according to claim 48, wherein the light is infrared. 

50. A system according to claim 48 or claim 49, wherein the receiver comprises a 
front side with a first window of the at least one windows, and a first and second 
microphone of the at least two microphones arranged laterally on opposite sides of the 
first window. 

51. A system according to claim 50, wherein at least the first microphone is 
forward of the first window, thereby blocking a part of a field of view of the first 
window. 

52. A system according to claim 51, wherein the receiver also comprises a second 
window mounted on a second side of the receiver adjacent to the first microphone, the 
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second window having a field of view that includes at least a part of the field of view 
of the first window blocked by the first microphone. 

53. A system according to claim 52, wherein the second microphone is also 
forward of the first window, thereby blocking a part of the field of view of the first 
window on an opposite side from the part blocked by the first microphone, and the 
receiver also comprises a third window mounted on a third side of the receiver 
adjacent to the second microphone, the third window having a field of view that 
includes at least a part of the field of view of the first window blocked by the second 
microphone. 

54. A system according to any of claims 37-53, also comprising at least one RF 
transmitter mounted on the implement, and at least one RF receiving element in the 
receiver which receives radio waves from the at least one RF transmitter, to 
synchronize the receiver with the at least one ultrasound transmitter of the implement. 

55. A system according to any of claims 37-43 or 47-53, wherein a front side of at 
least one of the microphones is directly or indirectly mounted to an inner surface of a 
front side of the receiver, behind a conical opening in the receiver that is less than 5 
mm long, said microphone having a substantially solid front side with an acoustic port, 
and a MEMS membrane on a base mounted over the acoustic port on an inner surface 
of the front side, facing backwards. 

56. A system according to any of claims 37-55, wherein the receiver comprises a 
protective grill covering at least one of the microphones. 

57. A system according to any of claims 37-54 or 56, wherein at least one of the 
microphones is a microphone according to any of claims 1-36. 

58. A system according to any of claims 37-57, wherein a front surface of the 
receiver, facing the implement anywhere in the area over which the implement is 
tracked, is oriented at an angle of more than 100 degrees to the positioning surface, 
when the receiver is resting on the positioning surface. 
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59. A system according to claim 55, also comprising a flexible printed circuit 
board by which the front side of the microphone is mounted to the inner surface. 

60. A system according to claim 55, wherein the front side of the microphone is 
directly mounted to the inner surface. 

61. A system according to claim 60, wherein the front side of the microphone 
comprises a printed circuit board which extends past the edge of the microphone by at 
least 1 mm, the back of the extended portion of the printed circuit board thereby 
providing an attachment surface for handling the microphone during assembly of the 
microphone to the receiver. 

62. A system according to claim 56, wherein the grill is symmetric with respect to 
horizontal reflection, when the receiver is resting on the positioning surface. 

63. A system according to claim 56 or claim 62, wherein the grill is symmetric 
with respect to vertical reflection, when the receiver is resting on the positioning 
surface. 

64. A system according to any of claims 56, 62, or 63, wherein a fill factor of the 
grill is less than 50%. 

65. A system according to any of claims 56, 62-64, wherein spacing between parts 
of the grill is smaller than half a wavelength of ultrasound for substantially a highest 
frequency component of the signal used by the controller to track the position of the 
implement. 

66. A system according to any of claims 37-65, wherein the receiver comprises an 
electronics board behind at least one microphone, and an outer surface of the back of 
the case of said microphone comprises connections to the electronics board. 
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67. A microphone according to any of claims 1-36, wherein the mesh comprises a 
conductive material. 

68. A system according to any of claims 56 or 62-65, wherein, for any frequency 
component of the signal used by the controller to track the position of the implement, 
the sensitivity of the microphone, with the grill in place, is reduced by less than 10 dB 
relative to the sensitivity if the grill were removed. 
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